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Abstrac+-The structure and 
spun multicomponent Fe&a& 
sheets were investigated. The 
stability and glass forming ability, and the improveme 
the soft magnetic properties were recognized with the 
replace men^ of P by 1 - 2 at% Si. The supercoo~ed l i ~ u i d  
region (ATx) defined by the difference between c ~ s t a l ~ ~ a t i o n  
temperature (Tx) and glass transit 
increases from 51 K for the Fe7A56a 
for the Pe7~AlsGa&K6B.&iz alloy, and then ~esreases with 
increasing Si content. The maxi 
Fed&Ga2PdAB& alloy. The increases in ATx and tmx are 
presumably because of increased agreement with three 
empirical rules for glass formation. The soft ~ a g n e t i c  
properties at the thickness of over 70 pm are also improved 
by the replacement of 1 - 2 at% Si. The magnetic properties 
for the Fe7~&Ga&C6 4Si~ amorphous alloy with the 
thickness of 19Q pm after optimum a n n e ~ l i ~ g  (623 w 
are 169 X Wbmkg' for saturation m a g n e ~ ~ a t  1.0 
A/m for coercive force (It), and 9000 for p e r ~ e ~ ~ i l i ~ ( ~ = )  at 
1kHz. It is therefore expected that the Fe-based am0 
alloy containing 2 at% Si is widely used as a bulk amorp~ous 
material with good soft magnetic properties. 
I . INTRODUCTION 
To date, the production of amorphous alloy sheets has 
been limited to the melt-spinning method because of the 
necessity of high cooling rates resulting from their low 
glass-forming ability. For instance, the maximum 
thlckness(t,-) to form a single amo 
Fe7$igB13 amorphous ribbon is below 100 pin. Recently, 
bulk amorphous alloys have been fomed[l]-[5] in 
multicomponent Mg-, Ln-, Zr- and Zr-Ti-based @n = 
lanthanide metal) alloy systems. These bulk amorphous 
alloys have a wide supercooled liquid region more than 60 
K before crystallizaQon. The appearance of the wide 
supercooled liquid region implies a high resistance against 
crystallization, leading to high glass-forming ability. Based 
on these new amorphous alloys with high glass-forming 
ability, Inoue et al. have proposed the three empirical rules 
for the achievement of large glass-forming ability[l]-[5], 
i.e., (1) multicomponents containing more than three 
elements, (2) different atomic size ratios above about 12 %, 
and (3) negative heats of mixing. According to these three 
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empirical rules, they have subsequently searched a new Fe- 
based amorphous alloy with a high glass-forming ability. 
The Fe-based amorphous alloys consist of the three group 
elements of Fe, (Al, Ga) and (P, C, B) which satisfy the 
three empirical rules[6]. We have reported[7] that an 
Fe73A15Ga2P11C5B4 amorphous alloy ribbon has a wide 
supercooled liquid region exceeding 47 K before 
crystallization and the & of 13 5 pm and exhibits good soft 
magnetic properties as compared with Fe78SigB13. 
With the aim of preparing a much thxker amorphous 
ribbon, Si was added to the Fe-AI-Ga-P-C-B alloy system. 
This paper intends to present the influence of Si addition on 
their thermal stability, microstructure, tmax and soft 
magnetic properties. 
n .  EXPERIMENTAL PROCEDURE 
ulticomponent Fe&a2Al~PII-xCJ34Six (x=O-10) 
alloy ingots were prepared by induction-melting a mixture 
of pure Fe, AI and Ga metals, pre-alloyed Fe-C, Fe-P and 
Fe-B in an Ar atmosphere. The ribbons were prepared by a 
single roller melt-spinning technique. The width and 
thickness ofthe ribbons were about 0.5 - 1.5 mm and 15 - 
280 pm, respectively. The struckre of the ribbons in as- 
quenched and annealed states was examined by X-ray 
dfiactometry (XRD) and transmission electron microscopy (Em. The thermal stability was examined by differential 
ng calorimetly @SC). Magnetization (0,) under an 
applied field of 800 kA/m was measured with vibrating 
sample magnetometer (VSM). Hysterics B-H loops under 
1.6 kA/m were measured at room temperature with a B-H 
loop tracer. Effective permeability (k) at 1 kHz under 0.8 
Alm was evaluated with a vector impedance analyzer. 
III. RESULTS AND DISCUSSION 
A. Structure and Thermal stability 
Figure 1 shows DSC curves for the F ~ ~ Z G ~ Z A I ~ P I ~ - ~  
C6B4Six(x=O-10) amorphous alloys with a thickness of 30 
pm at a heating rate of 0.67 IUS. One can see an 
endothermic reaction due to glass transition, followed by a 
supercooled liquid region and then an exothermic reaction, 
indicating that the crystallization of the amorphous phase 
take places through a single stage leading to simultaneous 
precipitation of more than two kinds of crystalline phases 
such as a-Fe, Fe3B, Fe3P, Fe2B, and Fe$ for the sheet 
samples containing 0 to 2 at% Si. The supercooled liquid 
.OO @ 1997 IEEE 001 8-9464/97$10 
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Fig. 1. 
PII.~C&S~,(X=O-~~) amorphous alloys with a thickness of 30 pm at a heating 
rate of 0.67 Ws. 
Differential scanning calorimetry (DSC) curves for the Fe72Ga2Als 
regions and two exothermic peaks due to two-stage 
crystallization were observed for the 3 and 4 at?h Si sheet 
samples. No glass transition is observed for the samples 
containing more than 4 at% Si. 
Figure 2 (a), (b) and (c) plot the Tg, T,, ATx(T,-T& and 
tm as a function of Si content. Tx increases with increasing 
Si content up to 2 at%, then slightly decreases with further 
increasing Si content in spite of the monotonous increase of 
Tg Accordingly, a peak phenomenon of ATx (Tx = 65 K) is 
observed for the Fe72tU5Ga2P9C6B4Si2 amorphous alloy. As 
plotted in Fig. 2, there is a clear tendency for t- to increase 
with increasing ATp It is concluded that the increase in the 
thermal stability of supercooled liquid against 
crystallization causes the increase in the glass-forming 
ability. 
As described above, the replacement of P by 2 at% Si 
caused the increases in AT, from 53 to 65 K and in t, from 
140 to 190 pm for the Fe72A15Ga2P11C6B4 amorphous alloy. 
The crystallization of the Fe-based amorphous alloys occurs 
through a single exothermic reaction leading to the 
precipitation of the five phases. It has previously been 
pointed out[ 11 that the single-stage crystallization mode is 
an important factor for the achievements of high thermal 
stability of the supercooled liquid and the large glass 
forming ability of the Fe-based alloys. That is, the necessity 
of long-range rearrangements of the constituent elements 
causes the retardation of the crystallization reaction, 
leading to the high stability of the supercooled liquid and 
the large glass forming ability. It is therefore presumed that 
the replacement of P by 2 at% Si causes a further increase in 
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Fig.2. Changes in the glass transition temperature (Td, crystallization 
temperature (Tx), supercooled liquid region (ATflrTd) and maximum 
thickness for glass formation (&) as a findion of Si content for the 
Fe7~Ga~Al~P,1,C6~Six(x.-0-10) amorphous alloys with a thickness of 30 
w. 
stability of the supercooled liquid and the glass forming 
ability of the Fe-based amorphous alloys replaced by over 2 
at% Si decrease because the two-stage crystallization 
occurred. The atomic sizes of the metalloids change in the 
order Si > P > B > C. The increase in the variety of atonuc 
sizes also implies that the atomic rearrangement for the 
precipitation reaction becomes difficult. Furthermore, the 
similarities of the atomic sizes and the large negative heats 
of mixing[8] between P and Si allow us to presume that Si 
is preferentially dissolved into Fe3P and the precipitation of 
the Fe3@', Si) phase becomes difficult by the necessity of the 
rearrangements of the two kinds of metalloids. This 
mechanism is thought to cause the most effective extension 
of the supercooled liquid region when the P element in the 
Fe7*A15Ga2P1 C a 4  alloy is replaced by 2 at% Si. 
b. Magnetic Properties 
Figure 3 shows the changes in (a) 6, and (b) Curie 
temperature (T,) as a function of Si content for the 
FeT2Ga2A15P1 l-xC6B4Six(x=O-10) amorphous alloy with a 
thickness of 30 pm. The os increases monotonously with 
increasing Si content. T h s  reflects the Si content 
dependence of T,. 
and 
microstructure as a function of sample thickness for the 
Fe72Ga2A15P11-xC6B4Six(x = 0,2,4,  10) amorphous alloys in 
the optimum annealed (623 K X  1.8 ks) state. The H, of 
Figure 4 (a) and (b) show the changes in J&, 
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Fig.3. Changes in the (a) saturation magnetizaton (0.) and (b) Curie 
temperature (T,) as a function of Si content for the Fe72Ga&P11., CaBdSi, 
(PO-10) amorphous alloys with a sample thickness of about 30 pm. 
these alloys are below 5 A/m under each t-. However, they 
increase with increasing sample thickness of over each t-. 
It is thought that the increase in H, is dependent on 
precipitation of Fe compound because a crystalline phase in 
amorphous matrix makes inferior of soft magnetic 
properties[9]. The for the 0 and 2 at% Si samples 
increase with increasing sample thickness from 20 to 40 pm, 
then decrease from 40 to 200 pm. The p, for the 4 at% Si 
sample also indicates the peak at the sample thickness of 
about 40 pm, though its value is smaller than that of the 
samples containing 0 to 2 at% Si. It is thought that the 
increase of at 
the thicker side depend on the surface roughness and 
structural relaxation, respectively, as early mentioned[ lo]. 
The peak is not observed for the 10 at% Si sample because 
t, is smaller than 40 wm. The & for the 2 at?4 Si- 
containing alloy is larger than those for the Si-free and 3 to 
10 at% Si-containing alloys in the sample thickness range 
over 70 pm. This is presumably because the glass forming 
ability of the 2 at% Si-containing alloy is larger than that 
for the Si free and 3 to 10 at% Si-containing alloys. 
at the thinner side and the decrease of 
IV. CONCLUSIONS 
The structure, thermal stability and magnetic 
properties of Fe72Ga2A15P11-xC6B4Six (x =0-10) amorphous 
alloy ribbons prepared by melt spinning were investigated. 
The structure consists of a single amorphous phase with 
sample thicknesses up to 190pm for the Fe72Ga2A15P9 
C6B4Si2 amorphous alloy. The soft magnetic properties for 
the.2 at% Si-containing alloy are comparable to those of the 
Si-free alloy with the sample thicknesses under 70 pm, and 
more excellent than those for over 70 pm samples. 
Therefore, it can be said that Fe-based amorphous alloys 
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Fig.4. Changes in the (a) coercive forve (EL), (b) effective permeability (b) 
at lkHz and mirrostructure with sampld thickness for the Fe72Ga2A15P11., 
C6B4SiY(x = 0, 2, 4, 10) amorphous alloys in an optimum annealed(623 K X  
1.8 ks) state. 
materials. 
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